The polyhomeotic @h) locus of Drosophila is a complex locus essential for the maintenance of segmental identity. Genetic analysis suggested that two independent units contribute to ph function. Comparison of genomic sequence shows that the ph locus has been duplicated, and that it contains proximal and distal transcription units. The proximal transcription unit encodes two embryonic mRNAs of 6.4 and 6.1 kb, and the distal unit encodes a 6.4-kb embryonic mRNA. The proximal and distal transcription units are differentially regulated at the mRNA level during development as shown by developmental Northern analysis. The distal protein is very similar to the proximal product, except for the absence of an amino terminal region, and a small region near the carboxy terminus. The long open reading frame in the distal cDNA does not begin with an ATG codon, and an internal ATG is used for a start codon. We show that the proximal protein occurs in two forms that are developmentally regulated, and that probably arise from use of two different initiator methionine codons. We find no evidence for differential binding of proximal and distal products to polytene chromosomes. Nevertheless, we show that mutations in the proximal and distal proteins have differing effects on regulation of a reporter under the control of a regulatory region from bithoraxoid, suggesting that ph proximal and distal proteins have different functions. These results show that the ph locus undergoes complex developmental regulation, and suggest that Polycomb group regulation may be more dynamic than anticipated. 0 1997 Elsevier Science Ireland Ltd.
Introduction
Mutations in the polyhomeotic (ph) locus of Drosophila melanogaster cause posterior transformations in embryos and adults resulting from expression of homeotic genes in regions where they are normally repressed (Dura et al., 1985; Dura et al., 1987; McKeon and Brock, 1991) . Similar phenotypes are exhibited in embryos mutant at about a dozen other loci (Simon, 1995) , collectively called the Polycomb group (PcG) (Paro, 1990) . The PcG genes that have been tested appear to be required for maintenance of the spatially-restricted pattern of homeotic gene expression in development, and act as transcriptional repressors (Struhl and Akam, 1985; Jones and Gelbart, 1990) . However, PcG genes have complex phenotypes, and bind to more than 100 sites on polytene chromosomes (Franke et al., 1992) , suggesting that they regulate many targets. The Polycomb (PC) protein has a small domain homologous with HPl, a heterochromatin protein encoded by the Su(varj205 locus (Eissen- Little is known about the regulation of PcG genes. Studies so far suggest that PC, Psc, Pcl, and ph are ubiquitously expressed in later embryos, being present in most tissues at most times, although most PcG proteins accumulate in the central nervous system in later development (Par0 and Martin and Adler, 1993; DeCamillis and Brock, 1994; Lonie et al., 1994) . Paro and Zink (1992) report that gradients of PC expression are detected in ovaries. In early embryogenesis, ph expression is complex and dynamic. Deatrick (1992) and DeCamillis and Brock (1994) reported that ph transcripts are expressed in patterns similar to those of segmentation genes. Subsequent studies have shown that ph is regulated by bicoid, o&r, and engrailed (Fauvarque et al., 1995; Serrano et al., 1995) . Fauvarque and Dura (1993) have shown that a reporter gene under the control of ph regulatory sequences appears to be sensitive to mutations in PcG genes. Interestingly, ph appears to negatively autoregulate its own transcription (Fauvarque et al., 1995) . This is consistent with earlier evidence showing that PcG proteins appear to bind polytene chromosomes at locations of PcG genes (Zink and Paro, 1989 ). However it is not known if all PcG genes are regulated similarly, or if there are differences in regulation of PcG genes. Genetic analysis of ph locus showed that most ph mutations are homozygous viable, but are lethal over a deficiency, suggesting that they are hypomorphic. Null alleles were obtained only when a chromosome carrying a hypomorphic allele was re-mutagenized.
These data suggested that the functional ph locus consists of two independent genetic units. This suggestion was corroborated when the locus was cloned, and shown to consist of tandem repeats of about 10 kb (Dura et al., 1987) . Subsequent sequencing of the region showed the potential for two transcription units, each encoding a zinc-finger protein, but at the time cDNAs were not available to confirm the conceptual translation of the genomic DNA (Deatrick et al., 1991) . The two transcription units were named proximal and distal, and will be referred to below as phP and phD respectively.
The ph locus produces transcripts of 6.1 and 6.4 kb, but they have not been assigned to transcription units (Dura et al., 1987) . The sequence of cDNAs corresponding to the proximal transcription unit has been determined , and confirmed that phP encodes a zinc-finger protein, but sequence of distal cDNAs has not been determined. There are no published reports of the number and size of proteins made by the ph locus, nor is it known if the proteins are processed or modified.
It is not known if the phP and phD transcription units have equivalent functions. Flies homozygous for DNA rearrangements that affect only the proximal @h409 and ph4") or distal (ph@') transcription units have very similar phenotypes, leading to the suggestion that the functions of each transcription unit are similar (Dura et al., 1987) . Saget and Randsholt (1994) have shown that P element induced rearrangements that fuse the proximal and distal transcription units appear to yield wild-type protein, and they argue that the function of the proximal and distal proteins must be very similar. Nevertheless, analysis of phenotypes might miss subtle differences in functions, or it may be that homeotic phenotypes mask differences in regulation of other genes. Our unpublished observations suggest that mutations that affect phP have a greater effect on viability than do mutations that affect phD, supporting the notion that there are qualitative or quantitative differences between phP and phD function. Genomic sequence analysis shows that the duplication of ph was ancient, and yet that there have been constraints to keep the phP and phD sequences similar (Deatrick et al., 1991) . Therefore it is possible that sequence divergences that have accumulated reflect differences in function. In any case, studies of the duplicated ph locus provide an opportunity to examine differential regulation of PcG loci.
It would be interesting to determine the pattern of mRNA and protein expression of each ph transcription unit during development, to look for regulatory differences, and to reveal where functional differences between proximal and distal products might be observed, in order to better understand developmental regulation of PcG genes. In this report we provide the sequence of phD cDNAs, identify the transcript and proteins corresponding to each transcription unit, and determine the developmental profile of the ph locus using developmental Northems, Westerns, and analysis of embryos. We show that absence of phP and phD protein has different consequences for the regulation of a reporter under the control of bithoraxoid regulatory regions, suggesting that the two proteins have different functions. The differential regulation of ph' and phD supports this hypothesis and suggests that regulation of PcG genes might be more complex than previously thought.
Results

Isolation and sequence of cDNAs from phD
The genetics and genomic sequence of the ph locus predicts the existence of two independent transcription units with similar functions. We have confirmed that the phP transcription unit is transcribed . To determine the structure of the phD mRNA and to obtain the conceptual protein sequence for comparison with the phP product, we screened imaginal disc and embryonic cDNA libraries with probes expected to hybridize to proximal and distal cDNAs. Differences in the restriction maps were used to sort the cDNAs into two categories, and three long phD cDNAs were selected for further analysis (illustrated in Fig. 1 ). Complete sequence on both strands of these cDNAs was obtained using a combination of directed deletions and synthesis of oligonucleotide primers. Together, the overlapping distal cDNAs provide 5 659 bp of sequence. The 5' end of the cDNAs corresponds to position 17 949 on the genomic DNA sequence reported by The numbers below the line give distance in kb, and correspond to the coordinates of the ph sequence given in Deatrick et al. (1991) . Below are illustrated the phD cDNAs used in this analysis, the previously studied phP cDNAS . together with positions of open reading frames identified as thick lines, and introns marked by tine lines. Deatrick et al. (1991) and at the extreme 3' end of one of the cDNAs is a long poly(A) tract, whose position corresponds to 25 730 on the genomic sequence (Deatrick et al., 1991 Interestingly, the phD genomic DNA sequence shows a short open reading frame beginning with an ATG, in the same position relative to the intron as found in the proximal open reading frame, but out of frame relative to the long open reading frame of the cDNA. Because of the conservation between the proximal and distal repeats, we were concerned that there was a sequencing error in this region. The cDNA sequence in this region agrees with the genomic sequence obtained independently by Deatrick et al. (1991) . To confirm the sequence near the beginning of the long open reading frame, the region was resequenced using 7-deazaguanidine triphosphate and 7-deazaadenine triphosphate, and the chemical method of Maxam and Gilbert (1977) . The same sequence was obtained with each method. Therefore we believe the sequence is correct, and that the most likely explanation is that the 5' end of the distal open reading frame has suffered a recent mutation that disrupts the first open reading frame and leads to use of an internal methionine in the long open reading frame.
To identify the methionine used for initiation, a distal cDNA was cloned into Bluescript and used as a template to generate mRNA synthesized in vitro using T3 polymerase. proteins produced from each of the three potential ATG codons. The mRNA was translated in vitro in the presence of [35S]methionine, and translation products were separated electrophoretically on a 15% SDS polyacrylamide gel. Fig.  2 shows that a 16.5kDa protein is obtained in these conditions, identifying the ATG 119 amino acids downstream from the start of the long open reading frame as the initiator codon. The predicted size of the phD protein is 149 kDa.
Fig . 3A shows the amino acid sequence of phD. There are some minor differences between the sequence published here, and the genomic sequence reported previously (Deatrick et al., 1991) , that may represent polymorphisms, or sequencing errors. In addition to glutamine repeats, a serine threonine rich-region, a putative zinc finger, and a region of putative alpha-helix reported earlier , comparison to the mammalian ph homologue rae28 reveals two more regions of similarity, indicated as Hl and H2 in Fig. 3B (Nomura et al., 1994) . Recently, Bornemann et al. (1996) showed that Sex comb on midleg protein, another PcG protein, contains a domain homologous to ph corresponding to the H2 region. Further analysis has revealed two other motifs, a GXXXXGK consensus GTP
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binding region near the amino terminus, and a DEPPKK-KATMQ nuclear localization sequence near the Hl homology region (Fig. 3B) . We compare the protein sequences of the conceptual translations of the phP and phD proteins in Fig. 3A . The proximal protein has a 194 amino acid domain at its amino terminus that is not present in the distal protein.
The two proteins are otherwise very similar. There is a small region between amino acids 1060 to 1070 in which phD is 9 amino acids longer than phP, and a region of about 60 amino acids just amino terminal to the H2 homology domain in which proximal differs significantly from distal ( Fig. 3B ). In addition there are scattered amino acid changes in the rest of the protein, including some insertions/deletions, predominantly in the amino terminal and S/T rich regions
Northern analysis
We reported previously that two transcripts of 6.4 and 6.1 kb are produced by the ph locus, but it has not been shown which transcript corresponds to the proximal and distal tran- Cartoon of functional domains and sequences in phP and phD. Ul indicates the unique region at the amino terminus of ph', and U2 indicates the largest region of differences between the two proteins. The dark boxes marked 'Q' indicate glutamine repeats. The region marked S/T is a serine/threonine-rich region. HI and H2 indicate regions of homology with rae-28, the mammalian ph homologue. The location of the putative Zn linger is marked above. A consensus GTP binding site (GXXXXGK) and a nuclear localization signal (DEPPKKKATMQ) are marked below, as are regions likely to encode a coiled-coil motif (Lupas et al., 1991) , and a short region of potential a helix (a-H). Black triangles indicate locations of deletions (large triangle) or insertions (small triangle) in phD relative to phP. scription units. To address this question, Northern blots of wild-type and mutant RNA were hybridized with a proximal-specific probe, distal-specific probe, or a common probe that recognizes both transcripts (details in Materials and Methods). As shown in Fig. 4A , a distal-specific probe recognizes one transcript of 6.4 kb in mRNA prepared from embryos. A proximal-specific probe hybridizes to 6.4-and 6.1-kb transcripts using the same RNA. Therefore, there are three transcripts produced from the ph locus. We do not know the structural basis for the two proximal mRNAs. Because no variant cDNA have been recovered, and because as with distal, we have not recovered the 5' regions of the cDNA, it is likely that the variations occur at the 5' end, either as a result of alternative transcription start site, or from alternative splicing outside the coding region.
We wished to determine if the mutations ph409 and ph4" which are inversions with breakpoints inphP, but that do not affect phD, and ph4" which is a deletion internal to phD (Dura et al., 1987) , were null mutations. A Northern blot containing mRNA prepared from homozygous ph4" embryos was hybridized with a common probe, and as expected, two proximal transcripts of 6.4-and 6.1-kb were identified (Fig. 4A, lane 3) . No transcripts were detected with a distal-specific probe (Fig. 4A, lane 4) , showing that this mutation does not produce distal transcripts, and is therefore a null mutant.. When mRNA prepared from homozygous ph409 and ph4" embryos was hybridized with a common probe, as expected, only the distal 6.4-kb transcript was recognized (Fig. 4A, iane 6) . A proximal-specific probe does not hybridize to mRNA from ph4@ mutants (Fig. 4A , lane 5). Together, these data show that no proximal mRNA is made in ph409and ph4" mutants, and therefore that they are null mutations.
Developmental analysis of ph transcription
We wished to determine if there were stage-specific differences in the transcription patterns of the phP and phD transcription units. Accordingly, a Northern blot containing wild-type mRNA from different developmental stages was hybridized to proximal-and distal-specific probes. As shown in Fig. 4B , a complex pattern of developmental regulation is revealed by these experiments. The proximal mRNAs do not become abundant until 3-6 h of development, although maternally deposited mRNA is detectable in 0-1.5-h embryos. Notice that the 6.1-kb zygotic transcript is initially less abundant than the 6.4-kb transcript, but that by 9-12 h the 6.1-kb transcript is more abundant. In adult females, the 6.4-and 6.1-kb transcripts are equally abundant, but in males, the 6.1-kb transcript predominates. By contrast, the distal mRNA is much more abundant in 0-1.5-h embryos than is proximal mRNA. Distal mRNA falls A Fig. 4 . Northern analysis of ph. Probes are described in Materials and Methods. (A) Lanes 1 and 2 show wild-type mRNA probed with a distal-specific and proximal-specific probe respectively. Lanes 3 and 4 show ph@ mRNA probed with a common probe and a distal-specific probe respectively. Two transcripts are seen in lane 3, and none in lane 4, showing that this mutation is null forphn. Lanes 5 and 6 show ph409 RNA probed with a proximal-specific and common probe respectively. The proximal-specific probe does not detect any transcript, and the common probe recognizes the distal transcript. Therefore, phdw is also null. (B) Developmental northern analysis. P, D, and R correspond to proximal, distal, and RP49 respectively. Blots were probed with proximal or distalspecific probes, or with RP49 (Al-Atia et al., 1985) which serves as a loading control. Lanes l-6 are mRNA prepared from O-1.5-, 1.5-3-, 3-6-, 69-, 9-12-and 12-18-h embryos respectively. L, P, F, and M correspond to larvae, pupae, female and male.
dramatically, but increases again between 3-6 h of development. In adult females, a new transcript is detected, just slightly smaller than the transcript found at other developmental stages, indicating a different initiation or processing of phD RNA. As noted above, we do not understand the structural basis for the different proximal or distal transcripts.
Proteins produced by the ph locus
An antibody that should detect all ph proteins, and antibodies specific for each transcription unit were raised as described in Materials and Methods. The common antibody was used to probe a Western blot of nuclear extracts from Kc cells. Two proteins are recognized, of 170 and 135 kDa (Fig. 5A) . The observed products correspond to the size expected for phP (168 kDa) but the phD has an apparent molecular weight that is smaller than the predicted size of 149 kDa, perhaps because it is modified in vivo.
To determine the specificity of the proximal and distal-A 123456 specific antibodies, we tested them for immunoprecipitation of [35S]-labeled proximal and distal proteins. In vitro transcription and translation of phD produced a single protein of about 150 kDa that was precipitated by the distal and the common antibody, but not the proximal antibody (Fig. 5) . These data support the suggestion that phD is modified in vivo. In vitro transcription and translation of the proximal cDNA produced two proteins of about 170 and 145 kDa, both of which were precipitated by the common antibody, the larger of which was precipitated by the proximal antibody, and neither of which were precipitated by the distal antibody (Fig. 5B) . These data show that the proximal and distal antibodies do not cross-react. Furthermore, since the common antibody recognizes an internal epitope, whereas the proximal antibody recognizes the first 87 amino acids of the proximal open reading frame, the smaller protein produced by proximal cDNA in vitro must be due to initiation at an internal methionine downstream of the proximal epitope. The first methionine that meets this criterion is 244 amino acids downstream of the initiation codon. Assuming with the distal antibody, lanes 3 and 4 were precipitated with the proximal antibody, and lanes 5 and 6 with the common antibody. The results shows that the antibodies are specific, and that there are two proximal products, only one of which reacts with the proximal antibody. (C) Western blots of nuclear extracts from O-18-h embryos, probed with the common (l), proximal (2). and distal (3) antibody. As expected, the 170-and 13%kDa proteins react with proximal and distal respectively, and the 140.kDa protein reacts only with the common antibody, showing that it is a phP protein that lacks the amino terminus. (D) Developmental western blot of nuclear extracts of O-1.5-h (1). 3-6-h (2), 6-9-h (3), 9-12-h (4) and 12-18-h (5) embryos using the common antibody. Note the appearance of the 170~kDa phP product only in late embryogenesis, and the decrease in the amount of the 140~kDa protein.
this explanation is correct, the predicted size of the truncated phP product would be 142 kDa, in good agreement with the observed results.
Developmental Western analysis
Finally, we examined ph proteins produced by embryos. A nuclear extract produced from 0-18-h embryos was analyzed with the common, proximal and distal antibodies. Three proteins of 170, 140 and 135 kDa were detected. As expected, the 170-and 135kDa proteins reacted with the proximal and distal antibodies respectively (Fig. 5C ). The 140~kDa protein, which reacts only with the common antibody is therefore a product of the phP transcription unit that lacks the amino terminus, and probably corresponds to the protein observed after in vitro translation of phP. Note that the proximal and distal antibodies both cross-react with other proteins of lower molecular weight. These are not ph breakdown products because they are not detected with the common antibody using the same extract. Comparison of the developmental Northern data with the corresponding Western data suggests that the amount of protein is not proportional to the amount of mRNA in early embryonic stages. For example, phP mRNA is barely detectable in early embryos, whereas the phP protein is more abundant. This suggests that some of the php protein is provided maternally, or else that phP and pho mRNAs are differentially translated.
The common antibody was used to probe Western blots containing nuclear extracts obtained from embryos of different ages. The 140-and 135kDa proteins are not detected until 9 h after oviposition. Between 9 and 12 h, only the 135-kDa (phD) protein is detected. From 12 to 18 h, the 170~kDa protein (ph') and the 135~kDa protein (phD) are detected (Fig. 5D) . We reasoned that if there was a protease present at early but not at later stages that cleaves phP to yield the 140~kDa protein, then we should not see the 170~kDa php in the 0-18-h extract. However, as shown in Fig. 5C , the 170-kDa protein is readily detectable in this extract, supporting the idea that a specific modification of phP occurs in early embryogenesis, and only later is full-length php produced. At this time, the amount of the 140~kDa protein appears to be greatly reduced relative to early development. Because there are two phP transcripts, one possibility is that altemative splicing could account for the two php proteins. The developmental Northern data show that both transcripts are present throughout embryogenesis, making it unlikely that this explanation is correct, unless there is selective translation of one message in preference to the other. There is an apparent decrease in ph concentration between 6 and 12 h. At this time, staining of the central nervous system in fixed embryos is increasing (DeCamillis and Brock, 1994) . The apparent decrease reflects in change in the number of cells expressing ph, and may also result from relatively poor recovery of nuclei from the CNS (CamposOrtega and Hartenstein, 1985).
Because of cross-reaction, the proximal and distal antibodies were not suitable for staining embryos or polytene chromosomes. Therefore we took advantage of the observation that ph4" mutants produce only phP, and ph4@ mutants produce only phD, and stained embryos and polytene chromosomes with the common antibody. We could not detect any difference in staining pattern of embryos or polytene chromosomes (data not shown).
Testing functional diferences in ph proteins
Because analysis of gross phenotypic differences does not suggest a difference in function of phP and phD, we reasoned that analyzing the effects of ph401 and ph409 mutations on a specific target might provide a more sensitive assay for difference in function between phP and phD. For this purpose, we used the bxd-14 construct originally reported in Simon et al. (1990) , containing 14.5 kb of DNA from coordinates -18.5 to -4 kb on the BX-C walk, and a basal Ubx promoter regulating a ZacZ reporter, transformed in Drosophila, and generously supplied by J. Simon. The 1acZ protein is expressed only up to the anterior boundary of parasegment 6, even in late embryogenesis (Chiang et al., 1995) . Maintenance of this anterior boundary is PcG dependent. Because the ph4" and ph409 mutations are null for phD and php respectively, but are homozygous viable, it is possible to examine the behavior of the bxd-14 reporter for differences in derepression of 1acZ expression in ph4" andph409 embryos. Such differences would indicate that phP and phD have different functions in regulation of the bxd-14 sequences.
As shown in Fig. 6 , both ph4'* and ph409 mutations cause modest ectopic expression of the ZacZ reporter in the central nervous system, relative to the wild-type control. Derepression is visible in ph4@ embryos at germ band extension, whereas ph4" embryos appear wild-type (compare Fig. 6B and 6C). By stage 14, both ph4" and ph409 embryos exhibit ectopic expression of 1acZ. In ph409 embryos, ectopic expression can be detected in parasegments 3-5, with hints of expression even into the brain, whereas ectopit expression in ph@' embryos extends only to parasegment 4 (compare Fig. 6E and 6F ). If ventral views of ph4" and ph409 embryos are compared it can be seen that the pattern of ectopic expression is different within each parasegment in the central nervous system (Compare Fig.  6H with 61 ). In particular, in ph4" embryos, the individual cells in the central nervous system spread more laterally, and have less anterior-posterior dispersion compared to ph409 embryos, in which the labeled cells are found in a central cluster. Because the ph4" pattern is not a subset of the ph409 pattern, it cannot be argued that quantitative differences in ph4" and ph409 expression account for the differences. Instead, there must be qualitative differences in phP and phD function with respect to the bxd-14 target. Nevertheless, the differences while reproducible, are modest. 
Discussion
The regulation of phP and phD is different. There is more phD than phP mRNA present in early embryos. These products are deposited maternally and reflect differential transcription in the ovary, or differences in mRNA stability. After 3 h of development, phD and phP mRNA increase, but there are clear differences in timing between proximal and distal expression, and clear differences in the relative abundance of the two proximal transcripts. These differences are likely to be transcriptionally regulated. Afterwards, both proximal and distal transcripts become less abundant, although the female-specific phD transcript, and the relative changes in the two phP transcripts suggest that these genes continue to be subject to transcriptional regulation.
The most unexpected result is that phP is pdst-transcriptionally regulated, most likely using choice of methionine initiation codon. We have shown in vitro that the methionines at position 1 and at position 244 can both be used forinitiation.
In vivo, Kc cells use only the metI and produce only a 170~kDa protein. During the first 9 h of embryogenesis, embryos use only met244 to produce a 140kDa protein. Later, both methionines can be used and both 170-and 140~kDa proteins are made. Comparison of the sequences around met1 and met244 shows that they are equally similar with respect to the consensus Drosophila initiation sequence (not shown). It has been shown previously that Antennapedia has 5'-non-coding sequences that confer translational initiation by internal ribosome binding, and that potentially, many Drosophila genes could exhibit this property (Oh et al., 1992) . We do not know how developmentally regulated choice of methionine initiation occurs at the phP locus. It is interesting that use of met2@ eliminates the unique amino terminal region of phP. In turn, this suggests that the full-length phP could have a different function than phD, and that this different function requires the unique region.
The differential regulation of phP and phD is unlikely to have arisen by chance, or to be maintained in the absence of selection. There are precedents for contiguous, duplicated genes in Drosophila. For example, invected and engrailed have similar expression patterns, but have only about 120/576 amino acids in the carboxy terminal region that show extensive identity (Coleman et al., 1987) . Genetic analysis suggests that invected is largely redundant to engrailed, because null mutants are wild-type (Tabata et al., 1995) . Nevertheless, it has been suggested that invected may have some different functions than engrailed (Simmonds et al., 1994) . This is a case where regulation of two duplicated genes has been conserved, but protein sequence, and at least partial function appear to have diverged. Another example is provided by gooseberry-proximal and distal. These duplicated genes are divergently transcribed, and while they show extensive conservation in the paired box and homeobox, are diverged outside these regions. They have different spatial and temporal expression (Baumgartner et al., 1987) but appear to have similar functions (Skeath et al., 1995) in specification or maintenance of cell identity. In comparison to engruiledinvected, phP and phD have greater conservation of sequence, and more divergence in regulation, whereas in comparison to gooseberry-distal and proximal, phP and phD show more sequence conservation, and less divergence in temporal regulation. It may be that the dosage requirement for ph keeps php and phD from diverging greatly in function.
Comparison of the phP and phD sequences shows that nucleotide and amino acid sequences are very similar in the coding region. A region of 1.2 kb including two of the three small introns shows identity between php and phD suggesting that these two transcription units have undergone gene conversion relatively recently (Deatrick et al., 1991) . However, the nucleotide sequences diverge somewhat for most of the coding region, even where amino acid conservation is lOO%, suggesting that there is strong selection on the amino acid sequence. Given the presence of gene conversion and strong selection, it may be significant that there are small regions of amino acid sequence differences when phP is compared to phD. If phP and phD do have different functions, then the differences must arise either as a consequence of the amino terminal region that is unique to phP, or arise from the small differences between the two proteins. In the absence of a functional assay for these regions, this cannot be tested directly at the moment.
Homozygous ph401 and ph409 mutants, and double heterozygous ph401/ph409 mutants have similar phenotypes, suggesting that the proximal and distal transcription units have similar functions (Dura et al., 1987) . However, Fauvarque et al. (1995) have shown that phP and phD negatively regulate each other, so that when one transcription unit is knocked out, transcription from the other is increased, which may account for the similarities in phenotypes. Transformants containing the complete phD repeat rescue homeotic phenotypes of ph null mutants (N.B.R., unpublished results). The simplest interpretation of the genetic data obtained so far is that phP and phD have similar functions. The results in this paper show that notwithstanding the above arguments, phD and phP are differently regulated both transcriptionally and post-transcriptionally, which is surprising if they have identical functions. Functional differences between ph' and phD were revealed only when activity of a specific, restricted target was examined. However, these data are indirect, and further work will be required to elucidate the nature of phP and phD functions.
Overall, our results provide a clear indication that ph expression is temporally regulated. In turn, differential regulation supports the hypothesis that phP and phD have different functions. If PcG proteins as similar as phP and phD are differentially regulated, then it would be worthwhile to carefully examine the regulation of other PcG genes during development. Such studies might provide insight into the roles of individual PcG proteins in PcG function, Similar studies could partially explain how different PcG complexes could form at different target loci, as is suggested by polytene chromosome staining studies which show that not all PcG proteins are found at all target loci (Rastelli et al., 1993) .
Materials and methods
Fly stocks and culture
The fly strains used in this study are described in Lindsley and Zimm (1992) and in Dura et al. (1987) . Note that ph401, ph409, and ph4" are all homozygous viable. Embryos from these strains therefore have no wild-type maternal contribution of protein or mRNA. All strains were raised on standard cornmeal-sucrose medium with Tegosept added as a mold inhibitor. Flies were raised at 25°C unless otherwise indicated. Staged embryos were obtained from population cages, and females were allowed to prelay for two l-h periods before staged collections were begun. Embryos were collected for defined intervals and allowed to develop at 25°C to obtain samples of a given developmental stage.
Cell culture
The Drosophila embryonic cell line Kc167 (kindly provided by L. Cherbas) was maintained at room temperature in CCM3 medium (Hyclone) supplemented with 2.5% heatinactivated fetal bovine serum, and with 1000 units/ml each of penicillin and streptomycin.
Sequence analysis
A cDNA library prepared from imaginal disks, generously donated to us by Dr. G. Rubin was screened with a 4-kb SalI fragment from nucleotides 17 195 to 24 024 of the distal repeat as a probe (Deatrick et al., 1991) . This library was rescreened with the 1.5-kb Sall fragment from coordinates 15 725 to 17 195, which covers the 5' end of the distal repeat, to recover 39 cDNAs in total. These cDNAs were screened with proximal and distal-specific probes to sort them into two classes. Additional distal cDNAs were obtained in a screen of a commercial embryonic cDNA library (Stratagene). Three cDNAs, ~4-7 (4.8 kb), C1.5-6 (5.3 kb), and Strata-4 (5.6 kb) were selected for sequencing. Sequence was determined using the dideoxy method of Sanger et al. (1977) , using either T7 polymerase (Pharmacia) or Sequenase (USB) using nested deletions (Henikoff, 1984) or primer walking.
Determining the start codon
The ~4-7 cDNA cloned in Bluescript was linearized with Stul, transcribed and capped in vitro using T3 polymerase (Stratagene). The 1.2-kb RNA was translated in a rabbit reticulocyte lysate (Promega) in the presence of L- [~~S] methionine.
The in vitro translation products were electrophoresed on a 15% polyacrylamide gel containing sodium dodecyl sulfate (SDS) under reducing conditions, and the molecular weight of the major product was determined by comparison with molecular weight size standards.
Northern (RNA) blots
Total RNA was extracted from staged w embryos, larvae, pupae and adults for developmental analysis, and from mutant ph4", ph409 and ph4" embryos using either hot-phenol SDS extraction (Sat0 and Powell, 1982) or extraction in 4 M guanidinium thiocyanate followed by phenol-chloroform extraction (Chomczynski and Sacchi, 1987) . Northern analysis was carried out as described (Sambrook et al., 1989) . To control for loading, the membrane was also probed with rp49 mRNA (Al-Atia et al., 1985) . The distal-specific and proximal specific probes were the same clones used to make phD-and phP-specific antibodies described in section 4.6 of Materials and Methods. The common probe was the proximal cDNA c4-11 described in DeCamillis et al. (1992) .
Antibody production
Three antibodies were used during the course of this work. A common antibody was generated in rabbits against the phP peptide from amino acids 1549: -CKE-LHLVNAMGMKLGPALK-1566, a sequence within the conserved carboxy terminal region of phP and phD. The HPLC purified peptide was conjugated to KLH (Sigma). IgG from immune sera was purified by chromatography on Affigel-blue (BioRad). Antipeptide specific anti-bodies were purified by affinity chromatography using peptide coupled via the amino terminal sulphydryl residue to SulphoLink resin (Pierce) according to the manufacturer's suggestions.
Proximaland distal-specific antibodies were generated by making fusion proteins in pGEX. The phP insert contained the first 87 amino acids, and was cloned as a PCR fragment containing an artificial EcoRl site immediately 5' to the ATG initiation codon and the natural XhoI site. The phD insert was cloned as a PCR fragment containing amino acids 1258 to 1330. IgG was purified from immune sera by chromatography on Affigel-blue (BioRad). Anti-GST-specific antibodies were depleted from immune sera using glutathione-GST agarose columns. The ph-specific antibodies were subsequently purified by affinity chromatography using either phP or phD-GST fusion proteins coupled to CNBr activated Sepharose 4B (Pharmacia). Bound antibodies were eluted as described above. Purified antibodies were used for Western blots and embryo analysis.
Nuclear extract production, Western blotting and embryo analysis
Nuclear extracts were prepared from Kc167 cells as described by Parker and Top01 (1984) , with the modifications of Heberlein et al. (1985) . Nuclear extracts from staged Drosophila embryos were prepared as described by Wampler et al. (1990) . For each Western lane, 100 pg of nuclear extract was taken up in sample buffer and electrophoresed on a 7.5% SDS-polyacrylamide gel. After electrophoresis, proteins were transferred to nitrocellulose in 25 mM Tris-HCl, 192 n&l glycine, pH 8.3 using a semi-dry blotter at 400 mA for 90 min. The primary antibodies were used at a dilution of 1:500. The blot was washed three times for 20 min each in wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Tween-20). The HRP-conjugated goat anti-rabbit secondary antibody (distal) or alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (proximal) was diluted in blocking buffer and incubated for 2 h at room temperature. The blot was washed five times for 20 min each in wash buffer, and once in wash buffer lacking Tween-20, and then developed using Amersham enhanced chemiluminescent substrates (distal), or NBT and BCIP (common and proximal).
LacZ protein was detected in embryos using antibodies (Jackson Labs) and HRP-coupled secondary antibodies as described (DeCamillis and Brock, 1994) .
In vitro translation and immunoprecipitation
Proximal and distal proteins were synthesized in vitro from the ~4-7 or c4-11 cDNA templates, in the presence of 50 &i [35S]met, using a Promega coupled transcription/ translation kit according to the manufacturer's directions. Antibodies were diluted l/100 in binding buffer (100 mM NaCl, 20 mM Tris pH 7.5, 10 mM @-mercaptoethanol, 1 mM ZnOAc.) For each binding reaction, 15 ~1 of translated product was added to 200 ~1 of diluted antibody and rocked at 4°C for 1 h. Fifty microliters of a 10% slurry of Protein A sepharose in binding buffer was added to each tube and the tubes were rocked for an additional 30 min at 4°C. The beads were then pelleted, washed three times in 500 mM NaCl, 20 mM Tris pH 7.5, 10 mM P-mercaptoethanol, 1 mM ZnOAc, once in 20 mM Tris pH 7.5, 10 mM /3-mercaptoethanol, 1 mM ZnOAc, and eluted with 20 ~1 of SDS-PAGE loading buffer. Samples were electrophoresed on an 8% SDS-PAGE, and the gels were dried and audoradiographed overnight.
